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Highlights 
- New experimental data of helium release in a scaled garage are obtained  
- A CFD model is built and validated using the new helium data 
- Three relations are studied for the similarity between hydrogen and helium leakage 
- The accuracy of these relationships is assessed using the validated CFD model  
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Assessment of similarity relations using helium for prediction of 
hydrogen dispersion and safety in an enclosure 
Jiaqing He, Erdem Kokgil, Liangzhu (Leon) Wang and Hoi Dick Ng 
 
Abstract 
The ability to predict the concentration of hydrogen in a partially confined space is significant to 
the safe use of hydrogen-related products such as fuel cell vehicles. Hydrogen release and 
subsequent dispersion are frequently investigated using commercially-available computational 
fluid dynamic (CFD) models once those are calibrated with available experimental data. Due to 
the explosion safety concerns of using hydrogen, accidental scenarios are often replicated with 
helium as a hydrogen simulant in experiments. Currently, there is no validated, theoretical 
analogy to correlate the helium data in order to predict the spatial and temporal distribution of 
hydrogen in the enclosure. The aim of this paper is to assess different theoretical relationships for 
the similarity between hydrogen and helium leakage in an enclosure. Experiments were first 
carried out to obtain measured data with helium leakage in a set of scenarios and to validate the 
present CFD model. Three methods, namely equal volumetric flow rate, equal buoyancy and a 
newly proposed correlation derived from equal concentration, were employed to determine the 
equivalent hydrogen release rate, using which the validated CFD model was then used, with the 
physical property values for hydrogen, to stimulate hydrogen dispersion as compared to that of 
helium. The accuracy of these different methods at different stage of release and location is 
discussed. The present result thus provides a guide when using helium experiment to validate 
hydrogen simulation in different scenarios, which is of importance to the investigation of 
hydrogen safety. 
Keywords: Hydrogen safety; fuel cells; helium; hydrogen leakage; CFD; correlation. 
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Nomenclature 
 
b  Plume radius [m] 





C  Volumetric concentration 
g  Gravity [m/s
2
] 
m   Mass flow rate [kg/s] 
n  correlation exponent 
Q  Volumetric flow rates [m
3
/s] 
u  Plume vertical velocity [m/s] 
v  Air entrainment velocity [m/s] 
z  Height [m] 
 
Greek letters 
  Entrainment ratio 
  Density [kg/m3] 
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1. Introduction 
 Hydrogen is considered as one of the leading fuels for a renewable and environment friendly 
energy carrier in the near future [1-6]. In particular, fuel cells using hydrogen present significant 
advantage in reducing carbon emissions generated by transportation systems and have higher 
efficiency when compared with traditional fossil fuels [7-10]. However, the high-pressure 
storage and use of hydrogen pose unique challenges due to its ease of leaking, low-energy 
ignition, a wide range of combustible fuel-air mixtures, high buoyancy and diffusion rate in air 
[11-16]. As such, the ability to predict the behavior of leaked hydrogen in an enclosure under 
different scenarios is of great importance. 
 An extensive wealth of studies on hydrogen release and dispersion can be found in the 
literature. For example, fundamental investigations on hydrogen dispersion and explosion 
predictions in simple geometries, like an enclosure or tunnel, have been carried out 
experimentally (e.g., [17-23], etc.) and with Computational Fluid Dynamics (CFD) (e.g., [24-36], 
etc.). Current research efforts, both experimental and computational, are starting more toward 
engineering aspects of real hydrogen vehicles and refueling station systems in practical 
environment and scenarios [37-45]. Although CFD tools have the potential to predict hydrogen 
dispersion and explosion with reasonable accuracy, those often required inter-comparison 
between different models, extensive calibration and validation efforts together with experiments 
[31-35]. Due to safety concerns, large-scale experimental data of hydrogen release remain scarce 
[42-46]. Hence, most of current hydrogen experiments against which CFD models were 
validated, are limited to small volumes or scaled experiments in simple enclosure geometries. 
 To alleviate any concern of accidental combustion while obtaining large-scale experimental 
data for CFD model calibration, helium was considered as a hydrogen stimulant due to the 
Page 5 of 24 
similar low densities of the two gases [47-51]. Swain et al. [47-49] used helium to simulate 
leakage scenario experimentally and to predict using a calibrated CFD model with helium data 
the spatial and temporal distribution of leaking hydrogen gas in equivalent accidental settings. 
The studies conducted by Swain et al. [47-49] formed the methodology referred to as the 
hydrogen risk assessment method (HRAM). This method consists of the following four steps: 1) 
Simulate the leakage scenario with helium; 2) calibrate a CFD model of the leakage scenario 
using the helium experimental data; 3) predict the distribution of hydrogen using the calibrated 
CFD model; and 4) assess the risk from the numerically simulated concentration of hydrogen 
leakage [49]. 
 Helium is also used in a number of recent studies as a surrogate gas to analyze the dispersion 
behavior of hydrogen in a ¼-scale and a realistic full-scale residential garage parked with a 
hydrogen-fuelled vehicle [50-53]. The effects of injected volume, location and characteristics of 
leakage source (i.e., jet or plume) within the enclosure on the dispersion and mixing dynamics 
are investigated. The presence of ventilation is also considered using different combination of 
vent size, number and location. 
 For the aforementioned studies, the similarity is often assumed with helium released in an 
equal volumetric flow rate as with hydrogen. However, it has been found that there exists a 
difference between hydrogen and helium concentrations before the plume becomes stable, 
particularly during the initial release of the gases [47, 48]. Currently, the equivalent behavior 
between the two gases only relies on numerical or experimental results, and the similarity is not 
backed up by a theoretical correlation. Therefore, the objective of the present study is to report 
an analysis of helium and hydrogen similarity for the commonly used method of equal 
volumetric flow rate, and two new methods based on the theoretical plume characteristics, and to 
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compare the three methods by measurements and CFD simulations. Experiments using time-
resolved measurements of helium concentrations at multiple heights in a sub-scaled garage 
model during the releases phase were conducted to obtain helium concentration data at a set of 
initial conditions. These experimental data were used to validate the CFD model in the present 
study. The validated CFD model was then used, with the physical property values for hydrogen, 
to simulate hydrogen release and dispersion while using the three different methods to determine 
the equivalent hydrogen release rate as compared to that of helium. A numerical resolution study 
was also presented to ensure the convergence of the numerical results using the chosen mesh size 
for the simulations.  
 
2. Theory 
 From the previous work by Swain et al. [49] where the hydrogen risk assessment method 
(HRAM) is introduced, it shows that, in simple geometric enclosures, helium can be used to 
simulate leakages of hydrogen and to predict the hydrogen concentrations near the ceiling. The 
method to assess the risk of hydrogen leakage relies on a CFD model calibrated by the data from 
helium experiments. The similarity between hydrogen and helium is obtained based on QH2 = 
QHe, where QH2 and QHe are volumetric flow rates of hydrogen and helium, in m
3
/s, respectively.  
Most current studies using helium as a surrogate to validate hydrogen simulation models are also 
formulated by assuming the same volumetric flow rate of both gases. Nevertheless, Swain et al. 
[48] observed that, before the plume becomes stable during the development stage, the helium 
concentration can be significantly different from that of hydrogen using the aforementioned 
analogy.  
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 In order to use helium accurately as a surrogate gas for hydrogen, it is necessary to assess the 
similarity between the hydrogen and helium plumes. Inspired by the ideal plume theory in the 
field of fire science [54], the ideal plume models of hydrogen and helium can be developed as 
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where ρair is the surrounding air density in kg/m
3
, g is the acceleration of gravity, in m/s
2
, and 
Qgas is the volumetric flow rate of the plume, in m
3
/s. In this study the temperature is assumed to 
be constant in the plume and in the ambient air and thus, the difference of density is caused by a 
scale factor, which is a function of the height z. The volumetric flow of the gas Qgas is also kept 
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b is the radius of the plume, u is the upward gas velocity. The density and the mass flow rate of 
the plume are thus: 
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The ambient air is assumed to entrain at a rate proportional to the plume velocity u, i.e., v = αu, 
where α is referred to as the entrainment ratio. By equating the rate of mass change over the 
height dz and the rate of air entrainment through the sides of dz satisfying the conservation of 
mass, it yields: 
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Similarly, by equating the rate of momentum change over height dz and the differential 
buoyancy force acting on the mass within height dz based on the conservation of momentum, the 
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Solving the two combined differential equations above, it gives: 
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In order to obtain the same concentration level for both hydrogen and helium,  
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Using the above correlation, for any given hydrogen volumetric flow rate, the helium volumetric 
flow rate can be calculated which gives the exact concentration level as hydrogen, or vice-versa.  
 For fire science applications, it is common to maintain a same buoyancy flux to ensure the 
dynamical similarity of plumes [55-57]. Similarly, it is also possible to come up with another 
correlation based on the equal buoyancy flux of the two gases:  
2HHe BB       (10) 
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When n = 1/2, the correlation is based on equal concentration as derived in this section (Method 
A); For the n = 0, the above equation reduces to the equal volumetric flow rate (Method B or 
equivalently the HRAM method); and finally, the equal buoyancy model is yielded with n = 1 
(Method C).  
 
3. Numerical Simulation  
3.1 Numerical modeling of reduced scale experiments with helium 
 In this study, the CFD simulations were divided into two stages. The chosen CFD model was 
first validated with experimental data of helium release in the scaled enclosure, see Fig. 2a. 
Simulations of hydrogen dispersion were then conducted using the validated CFD model and the 
results were used to assess the similarity models described in Sec. 2.  
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 For the experiment, a 1.5 m × 1.5 m × 0.75 m with 0.6-cm-thick chamber made of Plexiglas 
was built, representing a 1:4 scaled two-car residential garage. An injector was used to release 
the helium into the chamber. The injector was 12.5 cm tall and the inlet size was 36 mm × 36 
mm. A uniform room temperature of 21°C is expected to maintain at the exit section. A mass 
flow controller adjusted the helium flow at 15 L/min (- a typical hydrogen leakage rate for 
hydrogen storage tanks is 1 to 15 L/min). Several small vents were chosen to provide minimum 
ventilation requirements for residential garages, of 3 air changes per hour (ACH) [58]. The vents 
consist of single 2.6-cm-square openings at the center of the ceiling and at the top of the side 
faces. For the case of forced ventilation, the boundary condition in the ceiling vent was changed 
to a ventilation fan with 4.2 CFM (from the ASHRAE standard [58]). Helium concentrations 
were measured with eight sensors, at two horizontal locations (i.e., one at 40 cm from the side 
and the front, and the other at the floor center). Sensors 1 to 4 and sensors A to D were located 
inside and outside the plume, respectively. Each set of sensors were mounted 0.4, 0.5, 0.6 and 
0.65 m above the floor, see Figs. 2b to 2d. 
 The commercial software ANSYS FLUENT [59] was used in this study for all simulation 
cases. The geometrical model utilized within the CFD is equivalent to that of the present reduced, 
scaled experiment with helium, as shown in Figs. 2b and 2c. A finite volume scheme with 2
nd
 
order accuracy was used to discretize the governing Navier-Stokes equations. A Large Eddy 
Simulation (LES) was applied as the turbulence model, and the PISO-SIMPLE (PIMPLE) 
algorithm with a time step size t of 4 x 10-7 ~ 5 x 10-7 for obtaining a stable solution to the 
discretizing equations [59-61]. All the numerical simulations were performed using the computer 
cluster available at the High Performance Computing Virtual Laboratory (HPCVL) managed by 
Compute Canada [62]. The simulations were performed using similar initial conditions as in the 
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experiment with a leak source located close to the floor in the garage. The leak area was 3.15 cm 
× 3.15 cm and the mass flow rate of the leak was 4.178 x 10-5 kg/s. Both the initial temperature 
of released helium and air temperature in the chamber were set equal to 297 K and initial 
pressure to 101 kPa. For the ceiling vent a pressure outlet boundary condition was used; while 
for side wall vent velocity inlet was used. The gas injection was modeled using a mass flow inlet 
boundary condition. A structured grid made of rectangular cells was used for meshing. Unless 
specified, the mesh size varies from 0.004 m close to the injector to a maximum value of 0.016 
m. 484166 grid cells in total were contained in the computational model. A resolution study was 
indeed carried out and found that an increase in the current grid resolution has only a negligible 
effect on the concentration levels. Figure 3 shows the test results measured by sensors 1 and 4 
inside the plume, and by sensors A and D for the layer outside the plume with three different 
mesh resolutions. It is found that an increase of the total mesh number by 10%, i.e., from 484166 
to 523580 grid cells, results in a percentage difference less than 1% in the overall change of 
helium concentrations.  
 Figure 4 compares the evolution of helium concentration obtained from both the 
experimental measurement (given by discrete points) and CFD numerical simulation 
(represented by solid lines). Simulation time for this validation case lasts for 2,700 s. Overall, 
both results agree reasonably well with each other. The average percentage difference of the 
simulation results to experiment data for all sensors is 7.6%. Both results also show that the 
sensors inside the plume (Sensors 1 and 4) records accordingly higher concentrations than those 
obtained for sensors A-D in the layer region outside the plume.  
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3.2 Simulations of hydrogen leakage 
 The same CFD model validated in the above section is used to simulate the hydrogen 
dispersion in the same computational setting, with the physical property values for hydrogen 
instead of those for helium. To evoke the similarity, the equivalent hydrogen volumetric flow 
rate is determined using Eq. 12 with different n, giving the various correlation based on the 
newly proposed correlation obtained with equal concentration, equal volume flow rate and equal 
buoyancy with values of 15.6 L/min, 15.0 L/min and 13.88 L/min, respectively.   
 Figures 5 and 6 compare the numerical results for the evolution of helium and hydrogen 
concentrations, obtained based on the three similarity models. It is found that there is noticeable 
difference in the results obtained at different regions, i.e., inside the gas plume or outside the 
plume. Figure 5 shows the concentration results measured by the sensors 1 and 4 inside the 
plume which represents the high risk domain in hydrogen leakage. A large flow fluctuation also 
resulted inside the plume as shown in Fig. 5. In all cases, the graphs show that hydrogen has a 
similar tendency with helium with small difference. By defining the percentage difference as: 
(C(He) – C(H2))/C(He)  100% for a quantitative comparison, it is found that the time-averaged 
percentage differences from all sensors measurement for Method A, B and C are 4.4%, 5.5% and 
6.5%, respectively (see also Table 1). The concentration levels outside the plume are presented 
in Fig. 6, and the results show less fluctuation than those in Fig. 5. Method B brings overall the 
minimum time-averaged percentage difference of 1.8%. In all cases, the average percentage 
differences obtained from the different methods are not pronounced, particularly if various 
uncertainties in the simulation (e.g., physical model, grid resolution, etc.) are taken into account. 
Hence, it is suggested that all three methods can be used when the region of interest is that inside 
the plume and for long time evolution at different layers outside the plume. 
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 If the early stage of the release (i.e., less than 100 s) is of particular interest, however, 
Methods A and B might lead to a noticeable discrepancy. This result is indeed consistent with 
the finding by Swain et al. [48]. It is worth noting that based on the buoyancy effect Method C 
shows better similarity in the early stage of release (e.g., before 100 s) as shown in Fig. 7, except 
the measurement from the sensor D where the dispersion is influenced significantly by the near 
outlet located at the ceiling. Figure 7 also shows bumps in the initial stage of dispersion. At the 
very early instant, an increase of dispersed gas concentration accumulating in the ceiling is 
recorded by the sensors located at lower heights. As the surrounding air flows in through the 
outlet at the sidewall, a decrease in the gas concentration is resulted due to the air entrainment 
and leading to the appearance of these bumpy behaviors of the results. 
 From the plume model [54, 55], buoyancy is the main controlling parameter on the velocity 
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It is worth noting that from the general transport equation, the gas release into the chamber is 
driven by both convection and diffusion mechanism [63]. From Eq. (13), equal buoyancy gives 
equal velocity which brings the same value of convection, while the value of diffusion is 
different. At the initial stage, the dispersion is driven mainly by convection. When the gas 
continuously diffuses into the chamber and accumulates at the upper layer leading to higher 
concentration gradient, the effect of diffusion will start to play a dominant role at later dispersion 
evolution. Method C which is formulated based on the equal buoyancy between helium and 
hydrogen plumes give a more similar plume shape in the initial release and therefore, as shown 
in Fig. 7, has the better accuracy in the initial stage when the dispersion is convection-dominated.  
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 A parametric study using different configurations by changing the injection height and 
volumetric flow rate was also performed to explore the accuracy of the three methods at the early 
stage of release from 0 to about 100 s. It is indeed found that Method C always brings the least 
difference compared with the simulant (i.e., helium). For completeness, Figs. 8 and 9 present the 
results of these various parametric configurations obtained using the Method C to illustrate its 
accuracy at the early stage of release from 0 - 100 s. 
 In the case with the inclusion of the mechanically driven flow, we consider the result in the 
outside layer region due to the significant fluctuation inside the plume as showed in Fig. 10, 
preventing any meaningful comparison. Figure 11 compares the simulation results obtained 
based on Method A, B and C with helium in the outside layer. It can be observed that Method B 
presents the best correlation in Fig. 11 over the whole time interval from 0 to 2,700 s with a 
time-averaged percentage difference of 1.7% as compared to 11.3% and 7.0% determined for 
Method A and C, respectively. In the early stage, there is no huge difference for the reason that 
the ventilation fan weakens the plume effect, see Fig. 12. It is worth noting that the plume shape 
becomes stable at a very short time. As a result, the improvement by using Method C is not as 
good as that in the case of natural ventilation.    
 
4. Concluding Remarks 
 In the literature, helium is often used in experiments as a surrogate to stimulate hydrogen 
dispersion. In this work, three different relationships for the similarity between hydrogen and 
helium are reported and assessed using numerical simulations. Sub-scaled experiments 
measuring the helium concentration were used to validate the present CFD model. The same 
CFD model was then run with the physical property values for hydrogen instead of those for 
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helium. The three correlations linking the helium with hydrogen based on equal concentration, 
equal volume flow rate and buoyancy were compared in the long-time release phase, early stage 
of release and the scenario with mechanical ventilation. If considering the overall time-averaged 
percentage difference inside the plume, the three methods give results close to each other. In the 
layer outside the plume, using the method of equal volumetric flow rate with helium gives the 
best overall results for the long-time release evolution. However, if the very early stage of 
release is of particular concern, the method of equal buoyancy (Method C) can improve the 
accuracy in multiple scenarios. While for the case of mechanical ventilation, the commonly used 
method (i.e., Method B) based on equal volumetric flow rate generally gives a reasonable 
similarity over the span of the release and at different regions. In this work, a detailed numerical 
investigation was conducted to highlight various possible similarity correlations to translate 
helium experiment into hydrogen simulation in different scenarios. The present results thus help 
to verify numerical approach in the study of hydrogen safety and the use of helium data for 
hydrogen dispersion analysis. 
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 Sensor 1, 2, 3 and 4 
(inside plume) 
Sensor A, B, C, D 
(outside layer) 
Method A    4.4% 4.1% 
Method B 5.5% 1.8% 
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Fig. 12. (continued) 
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